EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN) 




CERN-PH-EP-2012-050 
LHCb-PAPER-201 1-028 
February 23, 2012 



^ Determination of the sign of the decay width 
^ difference in the system 

D 
PLh 

(N 

<N The LHCb collaboration 

R. Aaij^s, C. Abellan Beteta^^^", B. Adeva^"*, M. Adinolfi*^, C. Adrover^, A. Affolder^^, Z. Ajaltouni^ 
iD J. Albrecht^^, F. Alessio^^, M. Alexander^^, G. Alkliazov^'^, P. Alvarez Cartelle^'*, A. A. Alves Jr^^, S. Amato^, 
^ Y. Amhis^'', J. Anderson^'^, R.B. Appleby^\ O. Aquines Gutierrez^^, F. Archilli^®'^^, L. Arrabito^^, 

A. Artamonov M. Artuso^^'^^, E. Aslanides*', G. Auriemma^^'™, S. Bachmann", J.J. Back'*^, D.S. Bailey^\ 
(N| V. Balagura28'35, W. Baldinii^, R.J. Barlow^^, C. Barschel^s, S. Barsuk^ W. Barter'^''^ a. Bates'*^, C. Bauer^o, 
> Th. Bauer^s, A. Bay^^, I. Bediaga\ S. Belogurov^^, K. Belous^^, I. Belyaev^^, E. Ben-Haim^, M. Benayoun^, 

G. Bencivenni^^, S. Benson"'^, J. Benton^^, R. Bernet^^, M.-O. Bettler^'^, M. van Beuzekom^^, A. Bien", S. Bifani^^ 
T. Bird^i, A. Bizzeti"'^, P.M. Bj0rnstad5\ T. Blake^^ F. Blanche, C. Blanks^^, J. Blouw", S. Blusk^^, 
^ A. Bobrov^i, V. Bocci^^, A. Bondar^i, N. Bondar^'^, W. Boniventol^ S. Borghi'is.si, A. Borgia'^^^ T.J.V. Bowcock'*^, 
• C. Bozzi^^, T. Brambach^, J. van den Brand39, J. Bressieux^^, D. Brett'5\ M. Britschi°, T. Britton^^^ ^ g Brook'^^^ 
S-j H. Brown"*^, K. de Bruyn^^, A. Biichler-Germann^'', I. Burducea^'', A. Bursche^'', J. Buytaert^^, S. Cadeddu^^, 
^ O. Callot^, M. Calvi^oj', M. Calvo Gomez^^^", A. Camboni^^, p. Campanai^-^s, A. Carbone", G. Carboni^i''^, 
^ R. Cardinale^S'^'^s, A. Cardinii^, L. Carson^o, K. Carvalho Akiba^, G. Casse^^, M. Cattaneo^^, Ch. Cauet^, 
L; M. Charles^^^ Ph. Charpentier^^ , N. Chiapolini^^ K. Ciba3^ X. Cid VidaP*, G. Ciezarek^o, P.E.L. Clarke^^'^s, 

M. Clemencic^s, H.V. Chff^", J. Closier^^, C. Coca^^, V. Cocoas, J. Cogan^, P. CoUins^^, A. Comerma-Montells^s, 
X F. Constantin^e, A. Contu'^^ A. Cook^s, M. Coombes*^^ G. Corti^^, B. Couturier^^, G.A. Cowan^e, R. Currie^^, 
^ C. D'Ambrosio^s, P. David^ P.N.Y. David^^, 1. De Bonis*, S. De Capua^i''^, M. De Cian^^, F. De Lorenzi^^ 

J.M. De Miranda^ L. De Paula^, P. De Simone^*, D. Decamp'*, M. Deckenhoff, H. Degaudenzi^'^-^^, L. Del Buono^, 

C. Deplanol^ D. Derkachi-^'^s^ O. Deschamps^ F. Dettori^^, J. Dickens*'', H. Dijkstra^^, R Diniz Batista\ 

F. Domingo BonaP^'", S. Donleavy*^, F. Dordei", A. Dosil Suarez^*, D. Dossett*^, A. Dovbnya*°, F. Dupertuis^^, 

R. Dzhelyadin32, A. Dziurda^^, S. Easo*^, U. Egede^^, V. Egorychev^^, S. Eidelman^i, D. van Eijk^^, F. Eisele", 

S. Eisenhardt*^ R. Ekelhof , L. Eklund*®, Ch. Elsasser^^, D. Elsby*^, D. Esperante Pereira^*, A. Falabellai^'^^.", 

E. Fanchini^O'J, C. Farber", G. Fardell*^, C. FarineUi^^, S. Farry^^ V. Fave3^ V. Fernandez Albor^*, 

M. Ferro-Luzzi^s, S. Fihppov^o, C. Fitzpatrick*'^, M. Fontana^^, F. Fontanellii^^*, R. Forty^^, O. Francisco^ 

M. Frank^s, C. Frei^^, M. Frosini"'-'', S. Furcas^", A. Gallas Torreira^*, D. GalHi^'^ M. Gandelman^, P. Gandini52, 

Y. Gao^, J-C. Garnier^s, J. Garofoh^^^ J. Garra Tico**, L. Garrido^^, D. Gascon^^, C. Gaspares, R. Gauld^^^ 

N. Gauvin36, M. Gersabeck^^, T. Gershon^^^ss^ Ph. Ghez", V. Gibson**, V.V. Gligorov^s, C. Gobel^*, 

D. Golubkov^®, A. Golutvin^^'^*'^^, A. Gomes^, H. Gordon^^, M. Grabalosa Gandara^^, R. Graciani Diaz^^, 
L.A. Granado Cardoso^^, E. Grauges^^, G. Graziani*'^, A. Grecu^^, E. Greening^^, S. Gregson**, B. Gui^^, 

E. Gushchin^o, Yu. Guz^^ T. Gys^^, C. Hadjivasiliou^s, G. Haefeh^^, C. Haen^^ S.C. Haines**, T. Hampson*^, 
S. Hansmann-Menzemer**, R. Harji^*^, N. Harnew^^, J. Harrison^*, P.F. Harrison*^, T. Hartmann^^, J. He^, 



ii 



V. Hcijnc'^*, K. Hcnncssy'*^, P. Hcnrard^, J. A. Hernando Morata"^^. E. van Herwijnen"^^, E. Hicks^^, K. Holubyev-'^-'^, 
P. Hopchev^ W. Hulsbergen^s, P. Hunt^^ T. Huse^'^, R.S. Hustoni^, D. Hutchcroff^^^ D. Hynds''^ V. lakovenko'^i , 
P. Ilten^^, J. Imong^^, R. Jacobsson^^, A. Jaeger^^, M. Jahjah Hussein^, E. Jans^*, F. Janscn^*, P. Jaton^^, 

B. Jean-Marie^ F. Jing^, M. John^^ D. Johnson^^ C.R. Jones*", B. Jost^^, M. Kaballo^ S. Kandybei^o, 

M. Karacson^s, T.M. Karbach^, J. Keaveney^^^ I.R. Kenyon''^ U. Kerzel^^, T. Ketel^^, A. Keune=^^ B. Khanji^, 
Y.M. Kim"'^, M. Knecht^*^, R.F. Koopman^^, P. Koppenburg^^, M. Korolev^^, A. Kozlinskiy^*, L. Kravchuk^", 
K. Kreplin", M. Kreps*^, G. Krocker", P. Krokovny", F. Kruse^ K. Kruzelecki^^ , M. Kucharczyk20'23,35,j^ 
T. Kvaratskheliya^S'^s, V.N. La Thi^e, D. Lacarrere^^, G. Lafferty^i, A. Lai^^, D. Lambert'*'^, R.W. Lambert^^, 
E. Lanciotti^^, G. Lanfranchi^*, C. Langenbruch^^, T. Latham"^, C. Lazzeroni''^^ , R. Le Gac^, J. van Leerdam^^, 
J.-P. Lees", R. Lefevre^ A. Leflat^^.s^ J. Lefrangois^ O. Leroy^, T. Lesiak^^, L. Li^, L. Li Gioi^, M. Lieng^, 
M. Liles'^'^, R. Lindner^^, C. Linn", B. Liu^, G. Liu^^, J. von Loeben^^, J.H. Lopes^, E. Lopez Asamar^^, 
N. Lopez-March^^, H. Lu^, J. Luisier^^, A. Mac Raighne"**, F. Machefert'^, LV. Machikhiliyan'*'^^, F. Maciuc^o, 
O. Macv27^35^ Magnini, S. Malde^^ R.M.D. Mamunur^^, G. Manca^^^^^, G. Mancinelli^ N. Mangiafave'"', 
U. Marconi", R. Marki^'^, J. Marks", G. Martellotti^^, A. Martens^, L. Martin^^, A. Martin Sanchez'', 

D. Martinez Santos^^, A. Massafferri^ , Z. Mathe^^, C. Matteuzzi^^, M. Matveev^'', E. Maurice*^, B. Maynard^^, 
A. Mazurovi*5-'5o,35^ q McGrcgor^i, R. McNulty^^, M. Meissner", M. Merk^s, J. Merkel^, R. Messi^i^^ 

S. Mighoranzi-^^ D.A. Milanes^^, M.-N. Minard"*, J. Molina Rodriguez''^'', S. Monteil^, D. Moran^^ P. Morawski^^, 

R. Mountain^^^ L Mous'"'*, F. Muheim*'', K. Miiller^'', R. Muresan^^, B. Muryn^", B. Muster^^, M. Musy^^^ 

J. Myhoie-Smith^o, P. Naik^s, T. Nakada^^, R. Nandakumar^e , L Nasteva^, M. Nedos^ M. Needhani47, 

N. Neufeld^s, A.D. Nguyen^^, C. Nguyen-Mau^^.", M. Nicol^ V. Niess-\ N. Nikitin^^, A. Nomerotski^^.as^ 

A. Novoselov32, A. Oblakowska-Mucha^", V. Obraztsov^^, S. Oggero'*^, S. Ogilvy"®, O. Okhrimenko''\ 

R. 01demani5^''^35^ Qrlandea^^, J.M. Otalora Goicochca^, P. Owen'^°, K. Pal^^, J. Palacios^'', A. Palano^^.b^ 

M. Palutan^*, J. Panman^^, A. Papanestis'^'^, M. Pappagallo"'* , C. Parkes^\ C.J. Parkinson^°, G. Passaleva^'', 

G. D. Patel*^ M. Patel^o, S.K. Paterson^o, G.N. Patrick"^^ q Patrignani^S'', C. Pavel-Nicorescu^^, 

A. Pazos Alvarez^", A. Pellegrino^^, G. Penso^^-', M. Pepe Altarelh^^, S. Perazzini"'^ D.L. Perego^O-^', 

E. Perez Trigo^"*, A. Perez-Calero Yzquierdo^^, P. Perret^, M. Perrin-Terrin^ , G. Pessina^", A. Petreha^^'^^, 

A. Petronnii9'% A. Phan^^^ e. Picatoste OUoqui^^, B. Pie Valls^^, B. Pietrzyk", T. Pilaf''^ D. Pinci^^, R. Plackett"* 
S. Playfer*^ M. Plo Casasus^*, G. Polok^^, A. Poluektov45,3i^ Polycarpo^, D. Popov^", B. Popovici^fi, 

C. Potterat^^, A. PowcU^^, J. Prisciandaro^®, V. Pugatch'*^ A. Puig Navarro^^, W. Qian'''^, J.H. Radernacker*^ , 

B. Rakotomiaramanana^e, M.S. Rangel^, L Raniuk^'o, G. Raven^^, S. Redford^^ M.M. Reid^^^ A.C. dos Reis\ 
S. Ricciardi''^ A. Richards""^", K. Rinnerf*9, D.A. Roa Romero^ P. Robbe'', E. Rodrigues^^'^i, F. Rodrigues^, 
P. Rodriguez Perez^", G.J. Rogers*"*, S. Roiser^^, V. Romanovsky^^, M. Rosello^^'", J. Rouvinet^^, T. Ruf^^, 

H. Ruiz33, G. Sabatino^i'^ J.J. Saborido Silva^*, N. Sagidova^'', P. Sail**, B. Saitta*^.'', C. Salzmann^^, 
M. Sannino^'^'*, R. Santacesaria^^ , C. Santamarina Rios''*, R. Santinclli'^"'', E. Santovetti^^^*^, M. Sapunov®, 

A. Sarti**'', C. Satriano22.™, A. Satta^i, M. Savric*6.e, Savrina^*, P. Schaack^o, M. SchiUer^^, S. Schleich^ 
M. Schhipp'', M. Schmelling*", B. Schmidt^^, O. Schneider-''^ ^ a. Schopper^^, M.-H. Schunc'', R. Schwcmrncr'''-\ 

B. Sciascia^*^, A. Scinbbai*'', M. Scco'^*, A. Semennikov^*, K. Scndcrowska^*, L Sepp'"^", N. Scrra'", J. Serrano^, 
P. Seyfcrt", M. Shapkin''^, L Shapoval*"'-'-\ P. Shatalov^*, Y. Shcheglov^^ T. Shears*'', L. Shekhtrnan-'\ 

O. Shevchcnko*o, V. Shcvchenko^* , A. Shires'™, R. Silva Coutinho*^ T. Skwarnicki-^-\ N.A. Smith*'', E. Smith^^.^^ 

K. Sobczak'^ F.J.P. Soler**, A. Solomin*^, F. Soomroi*^'35^ g g^^^a Do Paula^, B. Spaan'', A. Sparkes*'', 

P. Spradhn*^ F. Stagni^^, S. Stahl", O. Stoinkamp-^^ S. Stoica^^, S. Stonc'^^'^s^ ^ Storaci-'^ M. Straticiuc^^, 

U. Straumann37, V.K. Subbiah^^, S. Swicntek^ M. Szczekowski^^, R Szczypka^^, T. Szumlak^*, S. T'Jampens", 

E. Teodorescu^e, F. Teubert^^, C. Thomas^^ E. Thomas3^ J. van Tilburg", V. Tisserand*, M. Tobin^^, 

S. Topp-Joergcnscn'''2, N. Torr''^^, E. Tournefier*^^^, S. Tourneur^e, M.T. Tran^^, A. Tsaregorodtsev^, N. Tuning^^, 

M. Ubeda Garcia''''\ A. Ukleja^^, P. Urquijo^^^ U. Uwer", V. Vagnoni**, G. Valentin*, R. Vazquez Gomez^^, 

P. Vazquez Regueiro^*, S. Vecchi^^, J.J. Velthuis*^, M. Veltrii'"''? , B. Viaud'', I. Vidcau^ D. Vieira^, 

X. Vilasis-Cardona33,n^ Visniakov^*, A. VoUhardt^'', D. Volyanskyy^o, D. Voong*^ A. Vorobyev^^, H. Vossi°, 

S. Wandernoth", J. Wang^^, D.R. Ward**, N.K. Watson*^ A.D. Webbcr^i, D. Websdalc'™, M. Whitehead*^ 

D. Wiedner", L. Wiggers^*, G. Wilkinson52, M.P. Wimams*5'*^ M. WiUiams™, F.F. Wilson*^ J. Wishahi^, 
M. Witek23, W. Witzeling^s, S.A. Wotton**, K. Wyllie^^, Y. Xie*^ F. Xing^^, Z. Xing^s, Z. Yang^, R. Young*^ 
O. Yushchenko32, M. Zangolii*, M. Zavertyaev^^'", F. Zhang^, L. Zhang^^^ ^^ q Zhang^^, Y. Zhang^, 

A. Zhelezov^^, L. Zhong^, A. Zvyagin^^. 

Centra Brasileiro de Pesquisas Fisicas ( CBPF), Rio de Janeiro, Brazil 
Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil 
Center for High Energy Physics, Tsinghua University, Beijing, China 
'^LAPP, Universite de Savoie, CNRS/IN2P3, Annecy-Le-Vieux, France 



® Clermont Universite, Universite Blaise Pascal, CNRS/IN2P3, LPC, Clermont-Ferrand, Prance 
^CPPM, Aix-Marseille Universite, CNRS/IN2P3, Marseille, France 

LAL, Universite Paris-Sud, CNRS/IN2P3, Orsay, France 
^ LPNHE, Universite Pierre et Marie Curie, Universite Paris Diderot, CNRS/IN2P3, Paris, France 
^ Fakultdt Physik, Technische Universitdt Dortmund, Dortmund, Germany 

Max-Planck-Institut fiir Kernphysik (MPIK), Heidelberg, Germany 

Physikalisches Institut, Ruprecht-Karls- Universitdt Heidelberg, Heidelberg, Germany 

School of Physics, University College Dublin, Dublin, Ireland 
'-■^ Sezione INFN di Bari, Bari, Italy 

Sezione INFN di Bologna, Bologna, Italy 

Sezione INFN di Cagliari, Cagliari, Italy 

Sezione INFN di Ferrara, Ferrara, Italy 
^"^ Sezione INFN di Firenze, Firenze, Italy 

Laboratori Nazionali dell'INFN di Prascati, Frascati, Italy 

Sezione INFN di Genova, Geneva, Italy 
'^^ Sezione INFN di Milano Bicocca, Milano, Italy 
"^^Sezione INFN di Roma Tor Vergata, Roma, Italy 
"^"^Sezione INFN di Roma La Sapienza, Roma, Italy 

Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland 
'^^AGH University of Science and Technology, Krakow, Poland 
"^^ Soltan Institute for Nuclear Studies, Warsaw, Poland 

'^^Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania 

^''^ Petersburg Nuclear Physics Institute (PNPI), Gatchina, Russia 

"^^ Institute of Theoretical and Experimental Physics (ITEP), Moscow, Russia 

'^^ Institute of Nuclear Physics, Moscow State University (SINP MSU), Moscow, Russia 

Institute for Nuclear Research of the Russian Academy of Sciences (INR. RAN), Moscow, Russia 

Budker Institute of Nuclear Physics (SB RAS) and Novosibirsk State University, Novosibirsk, Russia 
''^ Institute for High Energy Physics (IHEP), Protvino, Russia 
33 ijniversitat de Barcelona, Barcelona, Spain 

Universidad de Santiago de Compostela, Santiago de Compostela, Spain 

European Organization for Nuclear Research (CERN), Geneva, Switzerland 

Ecole Polytechnique Federale de Lausanne (EPFL), Lausanne, Switzerland 

Physik-Institut, Universitdt Ziirich, Zurich, Switzerland 
•^^ Nikhef National Institute for Subatomic Physics, Amsterdam, The Netherlands 

Nikhef National Institute for Subatomic Physics and Vrije Universitdt, Amsterdam, The Netherlands 
"^^NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine 
'^^ Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine 

University of Birmingham, Birmingham, United Kingdom 
^^H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom 

Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom 
'^^ Department of Physics, University of Warwick, Coventry, United Kingdom 
'^^ STFC Rutherford Appleton Laboratory, Didcot, United Kingdom 

'^''^ School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom 
'^^ School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom 
*® Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom 

Imperial College London, London, United Kingdom 
''^School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom 
^'^ Department of Physics, University of Oxford, Oxford, United Kingdom 
•'■^Syracuse University, Syracuse, NY, United States 

''"^ Pontificia Universidade Catolica do Rio de Janeiro (PUC-Rio) , Rio de Janeiro, Brazil, associated to 
CC-IN2P3, CNRS/IN2P3, Lyon- Villeurbanne, France, associated member 
Physikalisches Institut, Universitdt Rostock, Rostock, Germany, associated to 



"P.N. Lebedev Physical Institute, Russian Academy of Science (LPI RAS), Moscow, Russia 
^ Universitd di Bari, Bari, Italy 

Universitd di Bologna, Bologna, Italy 

Universitd di Cagliari, Cagliari, Italy 
" Universitd di Ferrara, Ferrara, Italy 
^ Universitd di Firenze, Firenze, Italy 
9 Universitd di Urbino, Urbino, Italy 
^ Universitd di Modena e Reggio Emilia, Modena, Italy 
' Universitd di Genova, Genova, Italy 
^ Universitd di Milano Bicocca, Milano, Italy 
^ Universitd di Roma Tor Vergata, Roma, Italy 
' Universitd di Roma La Sapienza, Roma, Italy 
*" Universitd della Basilicata, Potenza, Italy 

"LIFAELS, La Salle, Universitat Ramon Hull, Barcelona, Spain 
"Hanoi University of Science, Hanoi, Viet Nam 



The interference between the K^K~ S-wave and P-wave ampHtudes in _B° — >■ J /ipK^ K~ decays 
with the K~ pairs in the region around the 0(1020) resonance is used to determine the variation 
of the difference of the strong phase between these amphtudes as a function of K^K~ invariant 
mass. Combined with the results from our CP asymmetry measurement in — > J/ip4> decays, we 
conclude that the mass eigenstate that is almost CP = +1 is lighter and decays faster than the 
mass eigenstate that is almost CP = —1. This determines the sign of the decay width difference 
AFs = Fl — Fh to be positive. Our result also resolves the ambiguity in the past measurements of 
the CP violating phase 03 to be close to zero rather than n. These conclusions are in agreement 
with the Standard Model expectations. 
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The decay time distributions of mesons decaying 
into the J/ip(t> final state have been used to measure the 
parameters 4>s and AF^ = Fl — Fh of the system 
[1-3] . Here (ps is the CP violating phase equal to the 
phase diff'erence between the amplitude for the direct de- 
cay and the amplitude for the decay after oscillation. Fl 
and Fh are the decay widths of the light and heavy 
mass eigenstates, respectively. The most precise results, 
presented recently by the LHCb experiment [3], 

(f>s = 0.15 ±0.18 (stat)±0.06 (syst) rad 1 
AFs = 0.123 ± 0.029 (stat) ± 0.011 (syst) ps"^ J ^ ' 

show no evidence of CP violation yet, indicating that CP 
violation is rather small in the i3° system. There is clear 
evidence for the decay width difference AF^ being non- 
zero. It must be noted that there exists another solution 

0,. = 2.99 ± 0.18 (stat) ± 0.06 (syst) rad 1 
AF, -0.123 ± 0.029 (stat) ±0.011 (syst) ps"^ J ^ ' 

arising from the fact that the time dependent differen- 
tial decay rates are invariant under the transformation 
{4>s, AFs) ^ —AFs) together with an appropri- 

ate transformation for the strong phases. In the absence 
of CP violation, sin 0s — 0, i.e. 0s = or 0s — tt, the 
two mass eigenstates become also CP eigenstates with 
CP = +1 and CP = -1. They can be identified by 
the decays into final states which are CP eigenstates. In 
Bs J/ipK'^K~ decays, the final state is a superposi- 
tion of CP = +1 and CP = -1 for the K+K' pair in 
the P-wave configuration, and CP = — 1 for the K~^K~ 
pair in the S-wave configuration. Higher order partial 
waves are neglected. These decays have different angular 
distributions of the final state particles and are distin- 
guishable. 

Solution I is close to the case 0s = and leads to the 
light (heavy) mass eigenstate being almost aligned with 
the CP = +1 (CP = -1) state. Similarly, solution II is 
close to the case 0s = tt and leads to the heavy (light) 
mass eigenstate being almost aligned with the CP = +1 
(CP = —1) state. A fit to the observed decay time dis- 
tribution shows that it can be well described by a su- 
perposition of two exponential functions corresponding 
to CP = +1 and CP = — 1, compatible with no CP vi- 
olation [3]. In this fit the decay width to the CP = +1 



final state is found to be larger than that to CP = — 1. 
Thus the mass eigenstate that is predominantly CP even 
decays faster than the CP odd state. For solution I, we 
find AFs > 0, i.e. Fl > Fr, and for solution II, AFs < 0, 
i.e. Fl < Fjj. In order to determine if the decay width 
difference AFs is positive or negative it is necessary to 
resolve the ambiguity between the two solutions. 

Since each solution corresponds to a different set of 
strong phases, one may attempt to resolve the ambiguity 
by using the strong phases either as predicted by factori- 
sation, or as measured in 5° — >■ J /tpK*^ decays. Un- 
fortunately these two possibilities lead to opposite an- 
swers [4]. A direct experimental resolution of the ambi- 
guity is therefore desirable. 

In this Letter, we resolve this ambiguity using the de- 
cay P" ^ J/ipK+K^ with J/0 M^M^- The total decay 
amplitude is a coherent sum of S-wave and P-wave con- 
tributions. The phase of the P-wave amplitude, which 
can be described by a spin-1 Breit-Wigner function of 
the invariant mass of the K^K~ pair, denoted by rriKK, 
rises rapidly through the 0(1020) mass region. On the 
other hand the phase of the S-wave amplitude should 
vary relatively slowly for either an /o(980) contribution 
or a non-resonant contribution. As a result, the phase dif- 
ference between the S-wave and P-wave amplitudes falls 
rapidly with increasing ttikk- By measuring this phase 
difference as a function of ttikk, and taking the solution 
with a decreasing trend around the 0(1020) mass as the 
physical solution, the sign of AFs is determined and the 
ambiguity in 0s is resolved [5] . This is similar to the way 
the BaBar collaboration measured the sign of cos 2/3 us- 
ing the decay P" — > J/ipK^n'^ [6], where 2/3 is the weak 
phase characterizing mixing-induced CP asymmetry in 
this decay. 

The analysis is based on the same data sample as used 
in Ref. [3], which corresponds to an integrated luminos- 
ity of 0.37 fb~^ of pp collisions collected by the LHCb 
experiment at the Large Hadron Collider at the centre of 
mass energy of -y/s = 7TeV. The LHCb detector is a for- 
ward spectrometer and is described in detail in Ref. [7]. 
The trigger, event selection criteria and analysis method 
are very similar to those in Ref. [3], and here we dis- 
cuss only the differences. The fraction of K^K^ S-wave 



contribution measured within ±12 MeV of the nominal 
(/)(1020) mass is 0.042 ± 0.015 ± 0.018 [3]. (We adopt 
units such that c = 1 and h — 1.) The S-wave fraction 
depends on the mass range taken around the (/)(1020). 
The result of Ref. [3j is consistent with the CDF limit on 
the S-wave fraction of less than 6% at 95% CL (in the 
range 1009-1028 MeV) [2], smaller than the D0 result of 
(12 ± 3)% (in 1010-1030 MeV) [8], and consistent with 
phenomenological expectations [9] . In order to apply the 
ambiguity resolution method described above, the range 
of rriKK is extended to 988-1050 MeV. Figure j_ shows 
the jX^ ii~ K'^K~ mass distribution where the mass of the 
pair is constrained to the nominal J/0 mass. We 
perform an unbinned maximum likelihood fit to the in- 
variant mass distribution of the selected 5° candidates. 
The probability density function (PDF) for the signal 
invariant mass niji^xK is modelled by two Gaus- 
sian functions with a common mean. The fraction of 
the wide Gaussian and its width relative to that of the 
narrow Gaussian are fixed to values obtained from sim- 
ulated events. A linear function describes the rrij^^xK 
distribution of the background, which is dominated by 
combinatorial background. 

This analysis uses the sWeight technique [10] for back- 
ground subtraction. The signal weight, denoted by 
Ws{mj^^XK)j is obtained using rrij^^xK as the discrim- 
inating variable. The correlations between mjf^xK ^iid 
other variables used in the analysis, including ttikk, de- 
cay time t and the angular variables fl defined in Ref. [3] , 
are found to be negligible for both the signal and back- 
ground components in the data. Figure 2 shows the uixk 
distribution where the background is subtracted statisti- 
cally using the sWeight technique. The range of ttikk 
is divided into four intervals: 988-1008 MeV, 1008-1020 
MeV, 1020-1032 MeV and 1032-1050 MeV. Table I gives 
the number of signal and background candidates in 
each interval. 



TABLE I. Numbers of signal and background events and 
statistical power per signal event in four intervals of tiikk- 



k 


rriKK interval (MeV) 


iVsig;fe 






1 


988-1008 


251 ±21 


1675 ± 43 


0.700 


2 


1008-1020 


4569 ± 70 


2002 ± 49 


0.952 


3 


1020-1032 


3952 ± 66 


2244 ± 51 


0.938 


4 


1032-1050 


726 ± 34 


3442 ± 62 


0.764 



In this analysis we perform an unbinned maximum 
likelihood fit to the data using the sFit method [11], an 
extension of the sWeight technique, that simplifies fit- 
ting in the presence of background. In this method it is 
only necessary to model the signal PDF, as background 
is cancelled statistically using the signal weights. 

The parameters of the B^ — )■ J/ipK'^K~ decay time 
distribution are estimated from a simultaneous fit to the 
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FIG. 1. Invariant mass distribution for B^g — >■ jj.'^ fi~ K'^ K~ 
candidates with the mass of the fi^ fJ.~ pair constrained to the 
nominal J/ip mass. The result of the fit is shown with signal 
(dashed curve) and combinatorial background (dotted curve) 
components and their sum (solid curve). 
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FIG. 2. Background subtracted K'^K~ invariant mass distri- 
bution for Bg J/tp K~ candidates. The vertical dotted 
lines separate the four intervals. 



four intervals of by maximizing the log-likelihood 

function 

lnL(0p,0s) = ^Wp,k^Ws(rnj/^KK;i) x 

k=l 1=1 

In Psig {U , , 9i , w,; ; 0p , ©s ) 

where N]^ = Ngig-k + -Vbkg;fc. ©p represents the physics 
parameters independent of ttikki including 0s, AF^ and 
the magnitudes and phases of the P-wave amplitudes. 
Note that the P-wave amplitudes for different polariza- 
tions share the same dependence on itikk- ©s denotes 
the values of the mjcK-dependent parameters averaged 
over each interval, namely the average fraction of S-wave 
contribution for the fc-th interval, Fg-k, and the aver- 
age phase difference between the S-wave amplitude and 
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FIG. 3. Distribution of (a) K^K~ S-wave signal events, and 
(b) K'^K~ P-wave signal events, both in four invariant mass 
intervals. In (b) the distribution of simulated B1 — )■ J/ipfj) 
events in the four intervals assuming the same total number 
of P-wave events is also shown (dashed) . Note the interference 
between the K^K~ S-wave and P-wave amplitudes integrated 
over the angular variables has vanishing contribution in these 
distributions. 



TABLE II. Results from a simultaneous fit of the four 
intervals of rriKK, where the uncertainties are statistical 
only. Only parameters which are needed for the ambiguity 
resolution are shown. 



— 3 
■D 
CO 

-b. 2 



Parameter 


Solution I 


Solution II 


(t>a (rad) 


0.167 ± 0.175 


2.975 ± 0.175 


AF (ps-i) 


0.120 ± 0.028 


-0.120 ± 0.028 




0.283 ± 0.113 


0.283 ± 0.113 


Fs;2 


0.061 ± 0.022 


0.061 ± 0.022 


FS;3 


0.044 ± 0.022 


0.044 ± 0.022 


FS;4 


0.269 ± 0.067 


0.269 ± 0.067 


5s±-i (rad) 
5s±;2 (rad) 
<5s±;3 (rad) 
5s±-4 (rad) 


'J'^" - 0.42 

^••'^ - 0.13 
q or +0.16 
"-■•^^ - 0.18 

_4 11 +0-28 
^•rr _ 0.43 


-2.68 

-0.22 

'J.rr _ 0.16 
97 

-0.28 
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FIG. 4. Measured phase differences between S-wave and per- 
pendicular P-wave amplitudes in four intervals of niKK for so- 
lution I (blue full circles) and solution II (black full squares). 
The asymmetric error bars correspond to A In L = —0.5 
(solid) and AlnL = -2 (dotted). 



the perpendicular P-wave amplitude for the fc-th interval, 
Ss±:k- Psig is the signal PDF of the decay time t, angular 
variables f2, initial flavour tag q and the mistag proba- 
bility Lu. It is based on the theoretical differential decay 
rates [5] and includes experimental effects such as de- 
cay time resolution and acceptance, angular acceptance 
and imperfect identification of the initial flavour of the 
particle, as described in Ref. [3]. The factors Wp-k 
account for loss of statistical precision in parameter es- 
timation due to background dilution. Their values are 
given in Table I. 

The fit results for (j)s , AP^ and the fractions of S-wave 
contribution and phase differences between the S-wave 
and P-wave amplitudes for the four rriKK intervals are 
given in Table II. Figure 3 shows the estimated K^K^' 
S-wave and P-wave contributions in the four ttikk in- 
tervals. The shape of the measured P-wave mxK dis- 



tribution is in good agreement with that of B'^ — >■ J/tp (j) 
events simulated using a spin-1 relativistic Breit-Wigner 
function for the (/)(1020) amplitude. In Fig. 4, the phase 
difference between the S-wave and the perpendicular P- 
wave amplitude is plotted in four m^x intervals for so- 
lution I and solution II. 

Figure 4 shows a clear decreasing trend of the phase 
difference between the S-wave and P-wave amplitudes in 
the 0(1020) mass region for solution I, as expected for 
the physical solution. To estimate the significance of 
the result we perform an unbinned maximum likelihood 
fit to the data by parameterizing the phase difference 
5s_L:k as a linear function of the average rnxK value in 
the fc-th interval. This leads to a slope of -0.050io;o2o 
rad/MeV for solution I and -fO.OSOlSjois rad/MeV for 
solution II, where the uncertainties are statistical only. 
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The difference of the InL value between this fit and a 
fit in which the slope is fixed to be zero is 11.0. Hence 
the negative trend of solution I has a significance of 4.7 
standard deviations. Therefore, we conclude that solu- 
tion I, which has ATg > 0, is the physical solution. The 
trend of solution I is also qualitatively consistent with 
that of the phase difference between the K'^K~ S-wave 
and P-wave amplitudes versus ttlkk measured in the de- 
cay K^K^TT^ by the BaBar collaboration [12] . 

Several possible sources of systematic uncertainty on 
the phase variation versus ttikk have been considered. 
A possible background from decays with similar final 
states such as — > J/ipK*^ could have a small effect. 
From simulation, the contamination to the signal from 
such decays is estimated to be 1.1% in the rriKK range 
of 988-1050 MeV. We add a 2.2% contribution of simu- 
lated — )■ J/ipK*'^ events to the data and repeat the 
analysis. The largest observed change is a shift of 6s±;4 
by 0.06 rad, which is only 20% of its statistical uncer- 
tainty and has negligible effect on the slope of Ss± versus 
1TIKK- The effect of neglecting the variation of the val- 
ues of Fs and i5s_l in each rriKK interval is determined to 
change the significance of the negative trend of solution 
I by less than 0.1 standard deviations. We also repeat 
the analysis for different tukk ranges, different ways of 
dividing the niKK range or different shapes of the signal 
and background ttij/^kk distributions. The significance 
of the negative trend of solution I is not affected. To 
measure precisely the S-wave lineshape and determine 
its resonance structure more data are needed. However, 
the results presented here do not depend on such detailed 
knowledge. 

In conclusion the analysis of the strong interaction 
phase shift resolves the ambiguity between solution I and 
solution II. Values of 4)s close to zero and positive AF^ 
are preferred. It follows that in the B^^ system, the mass 
eigenstate that is almost CP even is lighter and decays 
faster than the state that is almost CP odd. This is in 
agreement with the Standard Model expectations [13] . It 
is also interesting to note that this situation is similar to 
that in the neutral kaon system. 
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